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Abstract 
Studies of the cost of carbon capture and storage (CCS) frequently make a single set of assumptions about the characteristics of
the source of CO
2
and the injection site (the sink). However, in practice, the design of the whole CCS system will require 
optimisation involving selecting the appropriate pipeline sizes, the pipeline route, the number, type and placing of injection wells. 
This study reports the optimisation of a possible CCS project in Australia and examines the effects of different parameters in 
designing the system. The area in and surrounding Gladstone, Rockhampton, Stanwell and Callide (“Gladrock”) in Central 
Queensland Australia emits over 40.5 million tonnes (Mt) of carbon dioxide (CO
2
) from fixed sources every year. 
The study examines least cost solutions for CCS technologies in the Gladstone and Rockhampton area. The study optimises the 
cost of transporting CO
2
from power stations in the Gladrock region and injecting the CO
2
in the Aramac coal measures. Basic 
engineering results together with the capital and operating costs of the whole project and individual sets of equipment are 
assessed. Large compressors of several hundred megawatts are required at each source to raise the CO
2
to supercritical conditions 
for transport and storage. Carbon dioxide is maintained in a supercritical state by booster pumps.  
The paper analyses the effect of the following aspects of the CCS process - network configurations, flow rates, well types, 
permeability and best combinations of compressors and pipelines.  
The paper shows that the cost depends mainly on pipeline characteristics, permeability, flow rate and the type of wells used.  
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1. Introduction 
The Gladstone, Rockhampton, Stanwell and Callide regions of Central Queensland in Eastern Australia 
(collectively referred to as the “Gladrock” area in this report) contain some of the largest sources of CO2 emissions 
in Australia - stationary sources in the area emit over 40.5 million tonnes every year (Mt/yr). This paper analyses the 
costs of a capturing CO2 from power stations and energy intensive industrial plant in the Gladrock area, transporting 
it approximately 900 km and injecting it into the Aramac coal measures. 
Figure 1 gives a schematic diagram of a possible carbon capture and storage (CCS) network for the project. Large 
compressors are required at each source to raise the CO2 to super-critical conditions for transport and storage. The 
CO2 is maintained in a sub-critical state by booster pumps along the pipeline route. Our analyses show the cost 
effects of different capture and storage technologies, the rate of CO2 capture and injection, reservoir characteristics, 
pipeline routes, fuel and equipment costs. These sensitivity analyses suggest the lowest cost solution. 
Figure 1- Schematic diagram of CCS network in Central Queensland 
1.1 Method 
In general, the capture, transport, and storage of CO2 require large energy inputs. As a result, the amount of CO2
produced is greater with CCS than without CCS. CO2 avoided is the difference between the amount of CO2 emitted 
without CCS and the amount of CO2 emitted with CCS. 
The three major cost elements for pipelines are front-end construction costs (for example, material, labour and 
equipment, design, insurance, project management and so on), annual operation and maintenance costs (for 
example, labour, maintenance, fuel costs) and end-of-project-life abandonment costs. 
We estimate these costs, phase them over time, calculate and sum their present values in real terms and divide the 
total present value of costs by the present value of the annual CO2 avoided. This gives the costs in A$ per tonne of 
CO2 avoided [1]. 
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1.2 Assumptions 
We make the following assumptions for our estimates– 
 All sources have a flue gas composition similar to that of a sub-critical pulverized black coal power station. 
For industrial sources of CO2, as a simplification we estimate capture costs based on the same flue gas 
composition. 
 The CO2 is separated by solvent absorption with 90% CO2 recovery. Mitsubishi’s KS1 solvent is used for 
post-combustion CO2 capture throughout at a cost of A$3.60 per kg. 
 Part of the energy needed to regenerate the solvent is offset by using some of the waste heat from the 
absorption process as low pressure steam in the power station or industrial plant. 
 The absorption system is retrofitted to the source. 
 A total of 36.5 Mt of CO2 per annum (Mt/yr), which is 90% of the total emissions of 40.5 Mt/yr. 
 The CCS projects’ construction period is 2 years. 
 We estimate the costs in real A$2008 terms.  
 Costs are estimated before tax. 
 A real discount rate of 7% is used to calculate present values. 
 The price for fuel is A$1.30/GJ for black coal and A$4.30/GJ for natural gas. 
 The injection period is 25 years. 
 A load factor of 85% is used (the hours of operation over 1 year divided by the total number of hours in 1 
year). In other words, we assume that the process operates for 7,446 hours per year.  
 A new gas fired power plant supplies power for all separation and compression energy needs. The new 
power plant has CO2 capture and the captured CO2 is stored along with the CO2 captured from existing 
sources. The additional CO2 has a flow rate of approximately 3.5 Mt/yr. 
 Horizontal wells are used to inject the CO2.
The captured CO2 is compressed initially using several parallel centrifugal compressor trains. The CO2 arrives at 
the storage sites with sufficient top-hole pressure for injection. Boosters are required along the pipeline routes. 
Dehydration forms an integral part of compression. 
Allowable pipeline pressures are between 86 and 186 bara (1,250 and 2,700 psia). The minimum pipeline wall 
thickness is 6.4 mm. The total pipeline length is 895 km and the average pipeline temperature is 25 °C. The 
estimated costs reflect the changes in elevation along the pipeline routes [2]. 
The reservoir properties used to make our cost estimates for the base case are set out in Table 1. 
Table 1 – Assumed base case reservoir properties 
Assumption Value Units
Maximum bottom-hole pressure as a % of fracture pressure 90 %
Reservoir depth 1,098 m 
Average reservoir temperature 52 °C 
Average reservoir pressure 1,623 psi 
Average reservoir permeability 28 mD 
Minimum permeability  0.1 mD 
Maximum permeability  429 mD 
Average reservoir thickness  25 m 
Equivalent reservoir radius 40 km 
Sink capacity 42,000 Mt
Average porosity 17.9 % 
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The figures in Table 1 are averages. In practice, there can be a large potential variation in some of the reservoir 
parameters. For instance, the average permeability is 28 millidarcies (mD). However, the probability distribution of 
permeability shows that 90% of the wells previously drilled in the reservoir indicate a permeability of less than 10 
mD and 10% of the wells indicate a permeability that is over 100 mD. The largest measured permeability is 429 
mD. 
2. Results 
The main parameters and our estimated costs of the CCS process are as set out in Table 2.  
Table 2- Results for base case 
Annual CO2  flow Injected Mt/yr 40
Avoided Mt/yr 35
Total CO2 flow for 25 yrs Injected Mt 995 
Avoided Mt 864 
Present value  of CO2 flow Avoided Mt 329 
Transport  design Number of pipeline sections  No 1
Length of pipelines km 895 
Net change in elevation m 75
Main pipeline diameter in 42
Number of booster stations No 8 
Injection design Number of wells No 8
Total extra power required MW 1,991 
Capital costs A$MM 15,641 
Annual operating costs A$MM/yr 1,193 
Abandonment cost A$MM 1,028 
Present value of capital costs A$MM 13,192 
Present value of operating costs A$MM 11,350 
Present value of abandonment cost A$MM 145
Present value of all costs A$MM 24,687
Capital cost per tonne of CO2 avoided A$/t 40.1 
Operating cost  per tonne of CO2 avoided A$/t 34.5 
Abandonment cost per tonne of CO2 avoided A$/t 0.4 
Specific cost per tonne of CO2 avoided 
Separation A$/t 33.6 
Extra power A$/t 23.6 
Transmission A$/t 1.5 
Compression A$/t 3.3 
Pipeline A$/t 7.6 
Injection A$/t 0.5 
Owner’s costs A$/t 2.0 
Contingency A$/t 3.0 
Total A$/t 75.1 
Table 2 shows that the combined annual CO2 emission from four different power plants is 40 million tonnes. This 
included the CO2 emissions from the additional power required to drive the CCS project. For the base case the CO2
capture facilities are located at each power plant and each use KS1 solvent technology with some heat integration 
between the CO2 capture process and the existing power plants. The CO2 recovered at each site is compressed to a 
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super-critical condition. It is then transported 895 km in one pipeline and injected into the subsurface with 8 
horizontal wells.  
The largest cost is the capital cost of the CCS project. This accounts for about 45% of the total specific cost per 
tonne avoided. However, the cost of the additional power plant is also substantial (31% of the total specific cost). 
Compression, transport and injection account for about 15% of the total specific cost. Our best estimate of the 
specific cost of CCS is A$75 per tonne CO2 avoided. 
2.1 Sensitivity analyses 
Because different CCS process designs are possible and there are uncertainties in the reservoir and economic 
parameters assumed, we carry out sensitivity analyses to demonstrate the effect of variations in the design and in the 
uncertain inputs. Figure 2 shows the effect of different power station and capture plant design.  
Purely for a comparison of technologies, if we hypothetically assume that the power stations in the CCS network 
are super-critical rather than sub-critical, the costs per tonne of CO2 avoided are not significantly affected. 
Supercritical power stations are more efficient and so produce less CO2. Therefore the cost of capturing the CO2
falls. However, offsetting this is the fact that less CO2 is avoided because less CO2 is emitted. On balance, the costs 
per tonne for super-critical are slightly more expensive than the costs for sub-critical conditions. 
Figure 2- Effect of varying capture plant assumptions 
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Our best estimates assume a KS1 solvent for capture. If instead we assume an MEA solvent, the costs per tonne 
of CO2 avoided increase from approximately A$75 to approximately A$84 per tonne avoided. This reflects the 
larger power requirements for MEA regeneration. 
If there is no heat integration between the absorption facility and the existing power station or industrial plant, 
then the costs per tonne of CO2 avoided increase from approximately A$75 to approximately A$81 per tonne 
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avoided. This reflects the higher equipment costs per tonne and the increased power required to supply the 
additional energy for solvent heating. 
2.2 Effect of flow rate 
We also estimate the effect of reducing the amount of CO2 captured and injected on the cost of CCS. The 
sensitivity analysis in Table 3 shows the effect of CO2 flow rate on specific cost of CO2 avoided in A$/t. For the 
base-case, an injection rate of approximately 40 Mt/yr is assumed. The sensitivity analysis considers a range of flow 
rates from 12 Mt/yr to 40 Mt/yr of total CO2 injected. These rates include the CO2 generated by the new power 
station supplying power to the CCS process. There are economies of scale in transporting a larger volume of CO2
along the onshore pipeline. 
Increasing the flow rate requires a larger pipeline and more wells. However, the increase in cost associated with 
this is not as great as the increase in the flow rate. In other words, there are economies of scale and raising the flow 
rate reduces the specific cost significantly. 
Table 3- Total cost per tonne of CO2 avoided as a function of different sensitivities 
Sensitivities 
Sensitivities to- Units Base 
case
Sens
case1 
Sens
case2 
Sens
case3 
Sens
case4 
Sens
case5 
Sens
case6 
Sens
case7 
Flow rate Mt/y 40 32 24 20 12
A$/t 75.1 76.3 78.6 80.4 86.4     
No of wells 8 6 4 4 2
Reservoir 
permeability mD 28 429 200 50 10 1
A$/t 75.1 74.9 74.9 74.9 76.3 81.8     
No of wells 8 4 4 6 26 110 
Length of 
horizontal wells km 5 10 3 2 1 0.5 0.2 Vert. 
A$/t 75.1 75.1 75.2 76.4 81.2 89.8 206.8 195.3 
No of wells 8 6 12 48 235 600 5,764 7,210 
Capital cost 
sensitivity % of base case 100% 75% 125% 150% 200% 
A$/t 75.1 61.1 89.1 103.2 131.2 
Fixed operating 
cost sensitivity % of base case 100% 75% 125% 150% 200% 
A$/t 75.1 70.8 78.5 82.4 90.2
2.3 Effect of reservoir permeability 
A critical reservoir parameter is permeability. The bottom-hole pressure is inversely related to the permeability 
and strongly influences the number of wells required for injection. In the base case we assume that the reservoir 
permeability is 28 mD and, at this level, 8 wells are required. Table 3 shows that as permeability of the reservoir 
increases, fewer injection wells are required. For example, at a high permeability of 429 mD, only 4 horizontal wells 
are required and the costs of CCS are A$75 per tonne avoided with permeability of the order of 429 mD. With 
permeability of 1mD the costs of CCS rise to A$82 per tonne avoided.  
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2.4 Using horizontal wells 
Horizontal wells can improve the ability to inject CO2 from individual wells and thereby reduce the number of 
injection wells required. This is because they can expose significantly more reservoir rock to the well bore surface 
than can be achieved by drilling of a conventional vertical well. A horizontal injection well has the added advantage 
that it can reduce the adverse effects of injected-gas preferential flow through high-permeability zones. Finally, 
using horizontal wells may preclude or significantly delay the onset of injection problems (interference) that lead to 
low injection rates. A disadvantage is that horizontal wells are expensive. 
For the bases case, we assume that the horizontal wells are 5 km long. Table 3 shows the effect of varying this. 
For instance, with a horizontal perforated length of about 200 m, it becomes cheaper to drill vertical wells. However, 
as the perforated length increases, the benefits of horizontal wells take effect, the required number of wells 
decreases and the total storage cost per tonne of CO2 avoided falls. 
2.5 Cost sensitivities 
Estimating construction, materials and labour costs is subject to large uncertainties, especially for CCS projects 
that might not begin for many years. Table 3 shows the effect of variations in capital and annual operating costs on 
the final cost of CCS per tonne of CO2 avoided. The costs are varied between -20% and plus 100% of our best 
estimates for the base case. For instance, if the capital costs for equipment and construction are twice more for the 
base case, the specific cost would increase from A$75 to A$131 per tonne of CO2 avoided. 
2.6 Pipeline length and pipeline sections 
Pipeline route planning is an important element of a CCS project. The objective is to locate a feasible route that 
has the least cost. With the base case flow-rate of 40 Mt/yr, the pipeline route following existing roads is 
approximately 900 km long and a booster is required every 110 to 130 km.  However, there are other possibilities. 
We consider the following cases - 
1. Alongside existing roads with 9 unequal pipeline sections - base case 
2. Alongside existing roads with 8 equal pipeline sections – route case 1 
3. Direct route with 6 unequal pipeline sections- route case 2 
4. Direct route with 6 equal pipeline sections – route case 3 
The capital, operating and abandonment costs per tonne of CO2 avoided for the different cases are summarised in 
Table 4. The cheapest option is sensitivity case 3, where the cost is A$3.6 per tonne less than the base case. 
Table 4- Summary of costs for all cases 
Items Base case  Route
case 1 
Route 
case 2 
Route 
case 3 
Total real  capital cost, A$MM 15,641 16,068 14,841 14,788 
Total annual operating cost, A$MM/yr 1,193 1,192 1,155 1,147 
Total abandonment cost, A$MM 1,028 1,148 882 882 
Total specific cost of CO2 avoided, A$/t 75.1 76.2 78.1 71.5 
2.7 Optimisation 
The sensitivity analyses given in Table 3 demonstrate that the least cost case for the full 40 Mt/yr flow rate has 
the following features -
- Use of KS1 solvent 
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- Permeability 429 mD – this depends on locating sections of the reservoir that has sufficient its capacity 
with this permeability 
- A direct route with 6 pipeline sections 
- Use of horizontal well with a length of 5 km. 
This results in the costs summarised in Table 5. 
Table 5- Summary of costs for optimum case 
Item Units Base case Minimum case 
Capital cost for CCS A$ million 15,641 14,753 
Operating cost for CCS A$ million per year 1,193 1,144 
Abandonment cost for CCS A$ million 1,028 878 
Cost per tonne avoided  A$ per tonne 75.1 71.3 
3 Conclusions 
For this particular CCS project with capture in the Gladrock area and injection in the Aramac coal measures, the 
following conclusions can be drawn - 
- Increasing flow rates give significant economies of scale.  
- The cost of CCS is highly sensitive to permeability. High permeabilities can reduce significantly the number of 
wells required and the cost of CCS.  
- The cost of CCS is highly sensitive to the type of wells used. Horizontal wells offer greater injectivity and can 
have a clear cost advantage over vertical wells. 
- It is most efficient to use a direct route which reduces the number of boosters and lengthens the pipeline segments. 
Optimising the design of the CCS can give significant cost savings.  
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